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To better understand the nature of the cortical deﬁcit in amblyopia we undertook a systematic investigation of second-order pro-
cessing in 8 amblyopic and 8 normal observers. We investigated local detection, discrimination and global integration. Our local
stimulus consisted of a Gaussian patch of fractal noise multiplied by a 1-d sinusoidal modulator. Our global stimulus consisted
of an array of such elements.
We revealed second-order detection deﬁcits for stimuli with equi-visible carriers. Orientation discrimination for an isolated sec-
ond-order patch was comparable in normal and amblyopic eyes. We showed that pure integration of second-order patterns can be
normal in amblyopia.
 2005 Elsevier Ltd. All rights reserved.
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Amblyopia involves more than just a deﬁcit to the
detection of high spatial frequencies (Gstalder, 1971;
Hess & Howell, 1977; Lawwill & Burian, 1966; Levi &
Harwerth, 1977). It involves deﬁcits to the processing
of supra-threshold stimuli as well (Bedell & Flom,
1981; Bradley & Skottun, 1984; Caelli, Brettel, Rentschler,
& Hilz, 1983; Demanins, Hess, Williams, & Keeble,
1999; Fronius & Sireteanu, 1989; Hess, Burr, & Camp-
bell, 1980; Hess & Holliday, 1992; Lawden, Hess, &
Campbell, 1982; Pass & Levi, 1982; Treutwein, Rentschler,
Zetzsche, Scheidler, & Boergen, 1996; Vandenbussche,
Vogels, & Orban, 1986). A large number of such deﬁcits
have been highlighted, involving the processing of orien-
tation, spatial frequency, phase, position and contrast0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2005.02.018
* Corresponding author. Tel.: +514 842 1231x35307; fax: +514 843
1961.
E-mail address: behzad.mansouri@mail.mcgill.ca (B. Mansouri).and this has modiﬁed the once held view that the neural
substrate of amblyopia could be found in the properties
of single cortical neurons in V1 (Crewther & Crewther,
1990; Eggers & Blakemore, 1978; Movshon et al.,
1987). It is now accepted that there are not only anom-
alous interactions between cells, that is network ab-
normalities (Schmidt, Galuske, & Singer, 1999) but
also processing beyond area V1 is likely to be aﬀected
(Kiorpes, Kiper, OKeefe, Cavanaugh, & Movshon,
1998; Schroder, Fries, Roelfsema, Singer, & Engel,
2002).
Two important additions to this emerging picture
have occurred recently. First, it has been shown that glo-
bal processing of both motion and form are disturbed in
amblyopia and that the basis for this is unlikely to be in
V1 (Simmers, Ledgeway, Hess, & McGraw, 2003). Sec-
ond, this deﬁcit to global processing involves both
luminance-modulated stimuli (ﬁrst-order) and contrast-
modulated stimuli (second-order) processing mechanisms,
although the latter is more severely aﬀected (Simmers
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Most visual patterns are deﬁned by a change in lumi-
nance over space. Second-order stimuli, on the other
hand, are deﬁned by a modulation in some other fea-
ture, for example contrast. It is likely that the mecha-
nism that processes second-order texture or motion is
at a higher level than the mechanism that processes
luminance-deﬁned patterns (Dumoulin, Baker, Hess, &
Evans, 2003). The global processing deﬁcit in amblyopia
for both ﬁrst- and second-order stimuli does not appear
to be a consequence of the V1 loss; it is not due to a loss
in visibility of the individual elements, the accuracy with
which their positions are encoded or to anomalies at a
more local level of processing (i.e. directional or orienta-
tional bandwidths). Since the main anomaly involves the
stage of global processing (in particular second-order)
and this type of processing is thought to occur in speciﬁc
regions of extra-striate cortex (Dumoulin et al., 2003;
Smith, Greenlee, Singh, Kraemer, & Hennig, 1998), it
has been suggested that the extra-striate cortex may be
primarily aﬀected in amblyopia. This suggestion receives
support from brain imaging studies using both PET
(Imamura et al., 1997) and fMRI (Barnes, Hess, Dumo-
ulin, Achtman, & Pike, 2001; Sireteanu et al., 1998).
Since both motion and form global processing have
been shown to be disrupted in amblyopia (Simmers
et al., 2003, Simmers, Ledgeway, & Hess, 2005) it is as-
sumed that both dorsal and ventral streams are aﬀected.
These psychophysical conclusions are consistent with
animal neurophysiology where it has been recognized
for some time now that the local processing deﬁcits in
V1 are not suﬃcient to explain the full extent of the
behavioural loss (Chino, Shansky, Jankowski, & Banser,
1983; Crewther & Crewther, 1990; Kiorpes et al., 1998).
The two tasks that have been used to identify the def-
icit to global processing in amblyopia have both in-
volved signals embedded in noise. In such a task, it is
optimal for the visual system to integrate as much signal
as possible but as little noise as possible: involving both
integration and segregation. Our hypothesis is that it is
the segregation aspect of these global tasks, rather than
signal integration per se, that is particularly deﬁcient in
amblyopia. We have two reasons for thinking this.
There is a large literature on the role of areas MT and
MST in the primate in motion processing and in partic-
ular global motion processing (Baker, Hess, & Zihl,
1991; Britten, Shadlen, Newsome, & Movshon, 1992;
Movshon, Adelson, Gizzi, & Newsome, 1985; Newsome
& Pare, 1988; Rizzo, Nawrot, & Zihl, 1995; Salzman,
Murasugi, Britten, & Newsome, 1992; Vaina, Lemay,
Bienfang, Choi, & Nakayama, 1990; Zihl, von Cramon,
& Mai, 1983). It is known that lesions to this region of
the dorsal stream result in speciﬁc deﬁcits for global
motion processing in both monkeys (Newsome & Pare,
1988) and human (Rizzo et al., 1995; Vaina et al., 1990;
Zihl et al., 1983). Furthermore, a study on a ‘‘motion-blind’’ patient (Baker et al., 1991) showed that the pa-
tient exhibited a severe deﬁcit for motion perception,
only being able to perform well for very high values of
coherence. The reason for this is probably deﬁcient seg-
regation processes rather than deﬁcient signal integra-
tion per se because less than 10% of the total elements,
if stationary, were suﬃcient to disrupt performance.
Such stationary elements are easily segregated by the
normal visual system.
The second piece of evidence is that in a recent study
Mansouri and co-workers (Mansouri, Allen, Hess,
Dakin, & Ehrt, 2004) found that amblyopes performed
normally on a global orientation task that relied solely
on integration (i.e. devoid of any noise). This task in-
volved estimation of the mean orientation of an array
of 1-D Gabor patches, each of which was a sample of
a distribution whose mean orientation was to be judged.
In such a task, ideally one should integrate all the local
orientation information, as all elements are signal and
all contain relevant information for the task (Dakin,
2001). No performance deﬁcits were found at low and
medium spatial frequencies and only modest ones were
found at high spatial frequencies. The ﬁnding that glo-
bal integration was normal for low to mid spatial fre-
quencies is surprising in view of the large deﬁcits
reported for a similar task involving global orientation
integration using moderate-sized elements (e.g. 0.47
diameter elements) (Simmers et al., 2005). The main dif-
ference between the task used by Simmers and co-work-
ers which revealed global motion and orientation deﬁcits
in amblyopia and the task used by Mansouri and co-
workers which did not, involves the role of noise. The
former involved signal as well as noise and therefore
integration as well as segregation. The latter, on the
other hand, involved only signal and hence purely
integration.
The fact that tasks involving solely integration do not
reveal a deﬁcit in amblyopia whereas tasks that require
both integration and segregation, do, suggests that the
problem lies with the segregation side of the task. So
far this distinction in the results between tasks requiring
integration as well as segregation and those requiring
integration alone has been shown only for luminance-
deﬁned (i.e. ﬁrst-order) stimuli (Mansouri et al., 2004)
for which the global deﬁcit for integration/segregation
tasks is known to be modest (less than a factor of 2);
(Simmers et al., 2005, 2003). Global processing for con-
trast-deﬁned (i.e. second-order) stimuli has been shown
to be much more aﬀected (factor of 3.5) than its ﬁrst-
order counterpart in both motion and equivalent form
tasks in amblyopia (Simmers et al., 2005) but see (Wong
et al., 2001). Therefore, a stronger test of the hypothesis
that pure signal integration does not lie at the heart of
the reported deﬁcit on tasks involving signal and noise
would be to investigate the ability of amblyopes to inte-
grate second-order form information. In this study we
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ity of amblyopic eyes using second-order stimuli. The
task is one where all elements are signal and it is in
the best interests of observers to integrate all the avail-
able information. We used an equivalent noise model
to derive the equivalent internal noise (Barlow, 1957;
Pelli & Farell, 1999) and sampling associated with
threshold performance (Dakin, 2001), after ﬁrst ensur-
ing that the performance of the amblyopic and fellow
normal eye are equated, at the local element level, for
this particular task. This latter step is important because
only if performance is equated locally can one be sure
that any deﬁcit observed involves purely global process-
ing. Additionally, since deﬁcient ﬁrst-order processing
can result in loss of performance for second-order stim-
uli, we also ensure that our second-order stimuli have
been equated at the ﬁrst-order (i.e. carrier) level of pro-
cessing. This next step is important because only if per-
formance is equated at the level of the carrier is it
possible to conclude whether there is a deﬁcit for sec-
ond-order processing. The results show deﬁcient detec-
tion of second-order stimuli by the fellow ﬁxing and
amblyopic eyes but normal orientation discrimination
both locally and globally by amblyopic eyes.2. Methods
2.1. Observers
Eight amblyopic and eight normal observers were
tested. In the amblyopic group there were four strabis-
mic, two anisometropic and two mixed amblyopic ob-Table 1
This table shows the clinical details of the amblyopic observers participating
Observers Age (years) Type Refraction Acuity Squin
AG 41 RE +0.50 DS 20/400 ET 15
Strab +0.50 + 0.05 90 20/16
GN 30 RE +5.00  2.00 120 20/70 ET 8
Strab +3.50  1.00 75 20/20
MA 22 LE 0.25 DS 20/15 Ortho
Aniso +3.50  0.50 0 20/200
ML 20 RE +1.0  0.75 90 20/80 ET 6
Mixed 3.25 DS 20/25
PH 33 LE 2.00 + 0.50 20/20 ET 5
Mixed +0.50 90 20/65
RB 49 LE +3.25 DS 20/15 XT 5
Strab +4.75  0.75 45 20/40
SV 48 LE +1.5 DS 20/25 ET 2
Strab +3.00  0.5 150 20/50
SW 23 LE 0.75 DS 20/16 Ortho
Aniso +3.25  1.75 68 20/63
The following abbreviations have been used; strab for strabismus, aniso for an
exotropia, ortho for orthotropic alignment, DS for dioptre sphere.server (for details see Table 1). The average ages in
normal and amblyopic groups were 31.5 and 33.25,
respectively. All observers wore appropriate refractive
corrections during the testing period. Informed consent
was obtained from all observers before data collection.
2.2. Apparatus
We used an Apple Macintosh G3 computer to create
and present the stimuli, run the experiment, collect the
data and analyze the results. For programming, we used
Matlab environment (MathWorks Ltd.) and Psycho-
physics ToolBox (Brainard, 1997). All stimuli were dis-
played on a 20 in. Sony monitor (Trinitron 520GS),
which was calibrated and linearized using a Graseby
S370 photometer and the Video Toolbox (Pelli, 1997)
package. In order to have high contrast accuracy, we
used a video attenuator (Pelli & Zhang, 1991). The
attenuator combined the RGB outputs of the graphics
card (ATI Rage 128) into the green (G) gun. The mon-
itor had a refresh rate of 75 Hz. The mean luminance
of the screen was 33 cd/m2 and the resolution was
1152 · 870 pixels. One pixel on the screen was
0.32 mm, which was 1.94 0 of the observers visual angle
from the viewing distance of 57 cm. The observers
performed the task monocularly beginning with the
fellow ﬁxing eye (in amblyopes) and dominant eye (in
normals), with the other eye patched.
2.3. Stimuli and procedure
In overview, we undertook a systematic study of sec-
ond-order function, both local and global, in amblyopia.in the experiment
t History, stereo
 Detected age 3, 6 months patching, strabismus surgery
RE age 5 years, glasses from 13 years
Detected age 5 years, 3 months patching no glasses tolerated,
2 strabismic surgery RE age 10–12 years
Detected age 3 years, patching for 4 years, glasses for 8 years
Detected age 5 years, patching for 2 years
Detected age 4 years, 6 months patching, strabismus surgery
on LE age 5 years
Detected age 6 years, glasses since 6 years, no other therapy,
near normal local stereo vision
Detected age 7 years, no therapy
Detected age 5 years, patching for 3 months, no glasses tolerated,
2 strabismus surgery RE age 10–12 years
isometropic, RE for right eye, LE for left eye, ET for esotropia, XT for
Table 2
This table shows the step-by-step procedure through which we run four
experiments and created the stimuli
Exp. (1) Carrier detection threshold (typically 5 contrasts between 0.05 
and 0.5 tested)
Carrier Threshold x 3 
Exp. (2) Horizontal/vertical modulation detection threshold (typically 5 
 modulation depths (MD) between 0.25 and 0.98 tested)  
Modulation Threshold x 1, 1.25, 1.5, …
Exp. (3) Orientation discrimination threshold at each modulation depth 
 (orientation varied) 
Gabors presented with high MD to 
Amblyopic eye and various MDs to 
fellow fixing and normal eyes to equate 
visibility.  
Exp. (4) 16 oriented Gabors mean orientation thresholds 
(bandwidths of the orientation distributions varied) 
(A) 
(C) 
(D) 
(E) 
(F) 
(G) 
(B) 
In Experiment 1 we used diﬀerent contrast (typically 5 contrasts
between 0.05 and 0.5) for 1/f (fractal) noise patches to measure the
contrast detection threshold (box A). Then, the obtained contrast
threshold was multiplied by 3 (box B). The 3 times threshold contrast
was used as the carrier for the Experiment 2. The carrier was modu-
lated to create the second-order horizontal/vertical stimuli (box C).
Diﬀerent modulation depths (typically 5 modulation depths (MD)
between 0.25 and 0.98) were tested to measure the horizontal/vertical
discrimination threshold for second-order stimuli. The modulation
depth for discrimination threshold was multiplied by 1, 1.25, 1.5 and 2
(box D). These multiples were used to measure orientation discrimi-
nation threshold oﬀset with one element in Experiment 3 (box E).
Modifying both the carrier contrast and the modulation depth, we
equated the visibility of one local element to the eyes of both ambly-
opic and normal observers (box F). Finally, in Experiment 4, sixteen
second-order oriented Gabors, which were equally visible to all eyes,
were presented to the observer in order to measure the mean orien-
tation threshold oﬀsets (box G).
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grammatically illustrated in Table 2 and is an important
part of this study. First, we determined the detectability
of our carriers (Experiment 1) and then using a
second-order element with an equi-detectable carrier,
we determined the detectability of local second-order
stimuli (Experiment 2). Third, we assessed the accuracy
with which the orientation of a local, equi-detectable
second-order element could be discriminated (Experi-
ment 3). Finally, we evaluated the eﬃcacy with whichan array of equi-detectable and discriminable, local
second-order stimuli could be integrated globally
(Experiment 4).
In Experiment 1, the observers task was to detect the
presence of the stimulus in a 2 alternative forced-choice
task. The stimulus was a Gaussian windowed fractal
noise patch, which was presented on a mid-gray back-
ground. We used the following formula to generate the
patch:
Lxy ¼ Lmean þ LmeanðCN  expðx2=r2xÞ  expðy2=r2yÞÞ ð1Þ
where L represents luminance, C is the noise contrast,
and N is the 1/f noise pattern. The standard deviation
of the patch (r) was 0.4 in both x and y directions.
The stimulus was presented at the centre of the screen
for 500 ms. A ﬁxation point was provided for the
observers before and after the stimulus was presented.
We used the method of constant stimuli to select the
contrasts of the stimuli presented to the observers on
each trial. The data in each eye was derived from at least
300 trials for 5 diﬀerent contrasts from 0.05 to 0.50.
Contrast detection threshold was estimated as the con-
trast that gave 75% correct on a Weibull function ﬁtted
to the data (see Fig. 1A and B and in Table 2A).
In Experiment 2 observers were asked to discriminate
horizontal from vertical second-order stimuli in a 2
alternative forced-choice task. To create the second-
order stimuli we took the contrast detection threshold
(from Experiment 1) for the carrier in each individual
observer separately and multiplied it by 3. Then we
modulated the carrier with a 1-d modulator that could
be oriented vertically or horizontally. The spatial fre-
quency of the envelope was 1 cpd (cycles per degree).
We applied the following equation to generate the
stimuli:
Lxy ¼ LmeanðNð1þ mcosð2pfxþ /ÞÞC=2 expðx=r2xÞ
 expðy=r2yÞÞ ð2Þ
where L represents luminance, C is the noise contrast, N
is the 1/f noise pattern, m is the modulation depth, f rep-
resents the spatial frequency of the pattern and f is the
phase. The standard deviation of the patch (r) was
0.4 in both x and y directions. The range of tested mod-
ulation depths varied from 0.25 to 0.75 in normal
observers. This range was broader in amblyopic observ-
ers (up to 98%) because they had higher discrimination
thresholds than the normal observers. Similar to Exper-
iment 1, the stimulus was presented at the centre of the
screen and a ﬁxation point was provided to the observ-
ers. The threshold was the modulation depth required to
achieve 75% correct on the ﬁtted Weibull function to the
data that was derived from at least 300 trials for 5 mod-
ulation depths (see Fig. 1C and D and Table 2C).
In Experiment 3 we used a similar stimulus as in
Experiment 2; however the orientation of the patch
Fig. 1. Stimuli for Experiments 1–3. (A) and (B) are the fractal noise
carrier tested in Experiment 1. Contrasts of these examples are 0.98 (A)
and 0.02 (B). In (C) and (D), the stimuli for Experiment 2 are shown;
these were second-order horizontal or vertical patches with modulation
of 1 cpd and fractal noise carriers with contrast determined by
Experiment 1 (see Section 2). The carrier was modulated by the
oriented envelope. This ﬁgure shows stimuli with maximum modula-
tion depth (98%). In (E) and (F), the stimuli for Experiment 3 are
presented. These stimuli are similar to the stimuli from Experiment 2,
except that the orientations of the patches are around the vertical and
tilted to right (E) and left (F) of vertical.
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sented in a random position in a 6 circle from the
observers ﬁxation point, which was centred at the centre
of the screen. The Observers task was to judge whether
the stimulus patch was tilted to right or left of vertical
(clockwise- or counter-clockwise) (see Fig. 1E and F
and Table 2E). The carrier contrast of the stimulus
patch was the same as in Experiment 2 for each individ-
ual observer (3 times the threshold measured in Experi-
ment 1). The modulation depths were 1, 1.25, 1.5 and 2
times modulation threshold obtained from Experiment
2. Varying the modulation depth, we measured the ori-
entation threshold oﬀset for discrimination of a single
second-order oriented element. Through this processwe could ﬁnd modulation depths with which the ambly-
opic (AME) and fellow ﬁxing eyes (FFE) produces sim-
ilar performance in discriminating the orientation of a
single local stimulus, in other words, the stimulus was
equi-visible to both fellow ﬁxing and amblyopic eyes.
In Experiment 4, we used sixteen oriented patches of
the type described for Experiment 3. The orientation of
each patch was randomly selected from a parent distri-
bution. The observers task was to judge whether the
mean orientation of the patches was tilted to right or left
of vertical (clockwise- or counter-clockwise) (see Fig. 2
and Table 2G) (for examples of stimuli we used in all
4 experiments see http://ego.psych.mcgill.ca/labs/mvr/
Behzad/Second-order.html). Parent distributions, with
the standard deviation determined by the experimenter,
were generated on each trial. Ten standard deviations of
0, 1, 2, 4, 6, 8, 12, 16, 20 and 28 were tested in each eye
for each observer. Observers performance was typically
measured for 4 diﬀerent distribution standard deviations
in a session. Performance with each distribution stan-
dard deviation was measured at least three times over
the experiment (producing a total of 192–320 trials per
condition). Performance from multiple runs was aver-
aged to estimate performance.
For each standard deviation, the method for measur-
ing the ability of observers to judge mean orientation
was the same. The mean orientation of the distribution
was varied from vertical (which produced chance perfor-
mance) to some degrees oﬀ vertical. The mean orienta-
tions to be tested within a particular run were chosen
by an adaptive method of constant stimuli (Watt &
Andrews, 1981). The range of mean orientations, how-
ever, never exceeded ±20. Using these ranges of standard
deviations and averages, we could avoid the problem of
circularity in our oriented stimuli (e.g. one 181 stimulus
looks the same as a 1 stimulus). We used a standard
equivalent noise model (described below) to derive the
parameters of internal noise and number of samples that
best describe performance on this global orientation
integration task.
Given that our orientation integration thresholds are
estimates of response variance, the non-ideal behaviour
of observers with noiseless stimuli (i.e. all having the
same orientation) can be expressed as additive internal
noise. The level of internal noise is measured by increas-
ing the amount of external noise (i.e. standard deviation
of the parent distribution from which the samples are
taken) in the stimulus and determining the point at
which observers performance begins to deteriorate. As
this task requires integration, then observers robustness
to further increasing amounts of external noise depends
decreasingly on internal noise and increasingly on how
many samples are averaged. Thus the form of the equiv-
alent noise model is:
r2obs ¼ ðr2int þ r2extÞ=n ð3Þ
Fig. 2. Stimuli for Experiment 4. In each trial 16 second-order micro-patterns were presented to the observers. The orientations of the Gabors were
randomly selected from parent distributions with speciﬁc means and predetermined standard deviations (SD). Four populations with standard
deviations of 0, 6, 16 and 28 are shown are shown in (A)–(D), respectively.
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noise; rint is the estimated equivalent intrinsic or internal
noise and (n) is the estimated number of samples being
employed. In terms of the orientation discrimination
task, robs corresponds to the threshold for orientation
discrimination, rext to the standard deviation of the dis-
tribution from which the samples are derived; rint to the
noise associated with the measurement of each orienta-
tion sample and their combination and (n) corresponds
to the estimated number of orientation samples being
combined by the visual system. The parameters of inter-
nal noise and number of samples for each individual
observer were obtained from ﬁtting the model equation
to individual data sets.
2.4. Statistics
Ninety ﬁve percent conﬁdence intervals were esti-
mated from 1000 bootstrap replications of the ﬁt (Foster
& Bischof, 1987) in all four experiments. We used the
95% conﬁdence intervals to compare the results of the
two eyes of each individual observer with one another.
However, for comparing the diﬀerences across all
observers we used ANOVA and t-tests.In Experiments 1 and 2, ﬁrst-order stimuli contrast
detection and second-order stimuli horizontal and verti-
cal discrimination thresholds were compared, respec-
tively. In both experiments we had 2 variables. The
ﬁrst variable was ‘‘observer’’ with two levels of ‘‘nor-
mal’’ and ‘‘amblyopic’’. The second variable was ‘‘eye’’
with two levels of ‘‘dominant eyes’’ (DE) and ‘‘non-
dominant eyes’’ (NDE) in normal and ‘‘fellow ﬁxing
eyes’’ (FFE) and ‘‘amblyopic eyes’’ (AME) in amblyopic
observers. Since we measured the same eyes of the same
observers all through the experiment, both variables
were considered correlated.
In Experiment 3 the results from the one element ori-
entation discrimination task were compared. For this
experiment we designed a 2 · 2 · 3 ANOVA test. The
ﬁrst 2 variables were similar to those of Experiments 1
and 2. The third variable was modulation depths with
three levels of 1, 1.25 and 1.5 times thresholds.
In Experiment 4, we compared the two parameters of
internal noise and number of samples separately as well
as the threshold orientation oﬀset for the mean orienta-
tion discrimination task. For the two parameters of
internal noise and number of samples, we designed same
ANOVAs as for the Experiments 1 and 2. For the latter,
B. Mansouri et al. / Vision Research 45 (2005) 2449–2460 2455we designed a three way ANOVA, 2 · 2 · 10. The ﬁrst
two variables are similar to the previous designs. The
last variable is the standard deviation of the stimuli pop-
ulation with 10 levels of 0, 1, 2, 4, 6, 8, 12, 16, 20 and 28
(degrees).
In all experiments, if the interactions were signiﬁcant,
we followed the testing with a Tukeys post-hoc. The
alpha was adjusted for repeated measurements when
necessary. We applied t-tests when we needed to com-
pare two individual groups and were unable to do so
with the ANOVA.3. Results
As a ﬁrst step we compared the contrast thresholds
for detection of a Gaussian patch of fractal noise that
was to be the carrier for later second-order stimuli.
The average contrast detection thresholds from Experi-
ment 1 for amblyopic and normal observers are shown
in Fig. 3. The diﬀerence between DE and NDE was
insigniﬁcant (p > 0.1). In AME, contrast detection
threshold was signiﬁcantly higher than those of the
FFE (df adjusted = 14, F = 14.47, p = 0.0019) and nor-
mal eyes (e.g. non-dominant eye, df adjusted = 14,
F = 6.35, p = 0.048). Interestingly, the threshold in the
FFE was signiﬁcantly lower than the thresholds in nor-
mal eyes (e.g. FFE versus NDE (df = 7, t = 2.72, t-criti-
cal = 1.89, p = 0.029). In other experiments not shown
here we found that there was no diﬀerence between
FFE and normal observers eyes (DE and NDE) for bin-
ary noise. Why fractal noise shows up such a diﬀerence
is presently unknown.0
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Fig. 3. The averaged contrast detection thresholds (Experiment 1) for
DE—light gray bar, and NDE—dark gray bar of the normal and
FFE—white bar, and AME—black bar of the amblyopic observers are
shown in this ﬁgure. The average thresholds for contrast detections are
equal in DE and NDE of the normal observers. The average contrast
detection threshold in AME is signiﬁcantly higher than those of the
FFE, DE and NDE. However, the average contrast threshold in FFE
is signiﬁcantly less than the average detection threshold in DE and
NDE of the normal eyes. The error bars represent ±1 standard error.Knowing that the ﬁrst-order carrier was less detect-
able by the amblyopic eye allowed us to create second-
order stimuli whose carriers were equi-detectable by
increasing the contrast of the carrier by an amount that
compensated for this diﬀerence in detectability (i.e. the
use of carriers of equal supra-threshold contrast). This
was done on an individual basis for each amblyope. This
enabled us to address the next question, namely do
amblyopes exhibit anomalies for the detection of sec-
ond-order stimuli not due to deﬁcient ﬁrst-order (i.e.
carrier) processing? If so, an abnormality at the level
of second-order processing must exist. We measured
modulation thresholds for the detection of a second-
order micro-pattern based on a horizontal/vertical
discrimination of the 1-d modulator. This procedure en-
sured that performance depended on the envelope (i.e.
second-order component) and not the carrier (i.e. ﬁrst-
order component). The contrast of the fractal noise car-
rier was set to 3 times its individual contrast threshold,
obtained from the preliminary experiment described
above.
In Fig. 4 average horizontal/vertical discrimination
thresholds for second-order stimuli are shown. The dis-
crimination thresholds are not signiﬁcantly diﬀerent in
DE and NDE of normal observers (p > 0.1). The thresh-
olds in FFE and AME are not signiﬁcantly diﬀerent
either (p > 0.1). However, comparing both eyes in ambly-
opic observers with both eyes in normal observers,
thresholds are signiﬁcantly higher in amblyopic observ-
ers eyes (df total 31, F = 9.11, p = 0.0194). This suggests
that the amblyopic and FFE of amblyopes exhibit sec-
ond-order detection deﬁcits that can not be simply attrib-
uted to the known deﬁciency in ﬁrst-order processingFig. 4. The average horizontal/vertical discrimination threshold
(Experiment 2) for DE—light gray bar, and NDE—dark gray bar of
the normal and FFE—white bar, and AME—black bar of the
amblyopic observers are shown in this ﬁgure. The average thresholds
are equal in normal eyes as well as the amblyopic observers eyes.
However, the amblyopic observers eyes (AME and FFE) average
thresholds are signiﬁcantly diﬀerent from those of the normal eyes
(DE and NDE). The error bars represent ±1 standard error.
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Knowing the detectability of an individual second-
order micro-pattern in normal and amblyopic observers
eyes (including FFE of amblyopes) allows us to create
an equi-detectable second-order micro-pattern by
adjusting the relative modulation depth for such stimuli
seen by normals and amblyopes (i.e. present them at
equal supra-threshold modulation depths). This in turn
allows us to address the next question, namely do
amblyopes exhibit local orientation discrimination deﬁ-
cits for equi-detectable second-order stimuli? In our case
we were interested in local orientation discrimination
and therefore use a single second-order micro-pattern.
The results from Experiment 3 (one element orienta-
tion discrimination task) are shown in Fig. 5. In this ﬁg-
ure, the average threshold orientation oﬀsets (in degrees)
are presented for three diﬀerent conditions (multiples of
thresholds) (see Fig. 4). Generally, the modulation depth
thresholds (Experiment 2) were multiplied by 1, 1.25, 1.5
and 2. These multiples were used in Experiment 3 to en-
sure that all second-order micro-patterns were equally
detectable for normals and amblyopes. However, in
amblyopic observers, due to their elevated modulation
depth thresholds (Experiment 2) and the fact that we
could not increase the modulation depth beyond
100%, we could not use contrast modulation depths
more than 1.5 times thresholds. Therefore we used the
collected data from all normal and amblyopic observers
up to 1.5 times their thresholds. In Fig. 5, the averageOne element orientation discrimination threshold
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Fig. 5. The average orientations oﬀset thresholds for one oriented
element (Experiment 3) in DE—light gray bars, NDE—dark gray bars,
FFE—white bars, and AME—black bars, and for 3 conditions (1, 1.25
and 1.5 times the threshold modulation depths) are presented in this
ﬁgure. In 1 times threshold condition the thresholds in all eyes are high
and statistically equal. Increasing the modulation depth to 1.25 and 1.5
times thresholds decreases the thresholds signiﬁcantly. The thresholds
for DE, NDE and FFE keeps improving with increasing the
modulation depth from 1.25 to 1.5 condition, although this eﬀect
was not statistically signiﬁcant. The threshold in AME, however, did
not show this eﬀect. The error bars represent ±1 standard error.thresholds in DE and NDE groups were similar
(p > 0.1). The results for FFE and AME show that as
modulation depth increases the orientation discrimina-
tion threshold for a single element decreases. The
improvement in the amblyopic eyes performance stops
at 1.25 · modulation threshold (i.e. the average thresh-
old for 1.25 times threshold is similar to that for 1.5)
(see the black bars in Fig. 5). However, increasing the
modulation depth of beyond 1.25 times threshold con-
sistently improves the performance in FFE, DE and
NDE eyes, although this improvement was not statisti-
cally signiﬁcant (3 variables interaction: df = 2,
F = 0.19, p > 0.1). This data shows that for the equi-
detectable second-order stimuli that we used (with their
carriers also equated for ﬁrst-order detectability), orien-
tation discrimination was comparable in normal and
amblyopic eyes at the suprathreshold levels tested.
Knowing this allows us to take the ﬁnal step in this
investigation and ask whether amblyopes are normal
at globally integrating local second-order orientation
information. Since performance has been equated at
the local level not only for the detectability of the carrier
and envelope but also for the orientation discrimination
of the envelope, we are now in a position to assess
whether second-order global processing in amblyopia
is normal. To accomplish this we use an array of such
second-order micro-patterns, each of which has an ori-
entation that is a sample of a parent distribution whose
mean is to be judged (see Fig. 2). This task has been
extensively studied in normals for both ﬁrst (Dakin,
2001) and second-order stimuli (Allen, Hess, Mansouri,
& Dakin, 2003). In amblyopes only ﬁrst-order micro-
patterns have been studied so far (Mansouri et al.,
2004) and integrative function has been found to be
normal.
Two sample results from Experiment 4 are shown in
Fig. 6. The data in Fig. 6 were obtained from one nor-
mal observer (Fig. 6A) and one amblyopic observer
(Fig. 6B). The threshold orientation oﬀset (degrees) is
plotted for each standard deviation (degrees) of the par-
ent population. In Fig. 6A, the lines are ﬁts to the data
from the equivalent noise model (see Section 2). In Fig.
6B, the open circles represent data from the FFE and
ﬁlled circles from AME of an amblyopic observer. Solid
and dashed lines are the model ﬁts to the data from FFE
and AME, respectively. The ﬁgures show that the
thresholds for DE and NDE are very similar as well as
the thresholds for FFE and AME in these individual
normal and amblyopic observers. The parameters of
internal noise (rint) and number of samples (n) which
were obtained from the equivalent noise model (see Sec-
tion 2) are shown in the ﬁgures. These parameters are
very similar in both eyes of the amblyopic and the nor-
mal observers.
Fig. 7 shows the average thresholds over 8 normal
and 7 amblyopic observers for whom a complete data
Fig. 6. Mean orientation threshold for the multi element array, plotted
against the standard deviation of the orientation distribution from
which the orientations of the elements were taken, for two observers
(one normal and one amblyopic). Sixteen second-order Gabors
comprised the stimulus array. The curve is the best ﬁt for the
equivalent noise model. The error bars represent 95% conﬁdence
intervals. The parameters of this ﬁt, internal noise (rint) and number of
samples (n) are shown in the inset. In (A), results are shown for DE—
open symbols and solid line, and NDE—ﬁlled symbols and dashed
line, of a normal observer whereas in (B), results are shown for the
FFE—open symbols and solid line, and AME—ﬁlled symbols and
dashed line, of an anisometropic amblyope (MA).
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Fig. 7. This ﬁgure shows the average mean orientation threshold
oﬀsets in Experiment 4 for DE—open circle and solid line, NDE—
closed circle and dashed line, FFE—open square and solid line, and
AME—close square and dashed line. The thresholds are similar and
increase equally in all eyes when the standard deviation of the stimuli
population is increased. The error bars represent ±1 standard error.
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Fig. 8. Comparison of the average of the individual estimates of
internal noise (A) and number of samples (B) from our model ﬁts in
DE—light gray bars, NDE—dark gray bars, FFE—white bars, and
AME—black bars. In (A), the averages internal noises in all groups are
statistically equal. For the number of samples measured in (B), we
found lower number of samples in DE than the NDE, FFE and AME.
There were no signiﬁcant diﬀerences between NDE and either FFE or
AME. The error bars represent ±1 standard error.
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lines, NDE—ﬁlled circles and dashed line, FFE—open
squares and solid lines, and AME—ﬁlled squares and
dashed line. The average thresholds are plotted against
the standard deviation of the parent populations. The
average thresholds were not signiﬁcantly diﬀerent be-
tween all 4 types of visual system (p > 0.1).
Fig. 8 summarizes the average values of the two model
parameters, namely internal noise (Fig. 8A) and number
of samples (Fig. 8B). The internal noise is statistically
similar (interaction of the variables df = 1, F = 0.47,p > 0.1) across all eyes (Fig. 8A). The number of samples
(Fig. 8B) in the DE of normal observers is statistically
lower than all other groups (e.g. comparing the number
2458 B. Mansouri et al. / Vision Research 45 (2005) 2449–2460of samples in DE and NDE; df = 7, t = 2.61, p = 0.045).
The number of samples is similar in NDE, FFE, and
AME (e.g. comparing the number of samples in FFE
and AME; df = 7, t = 0.05, p > 0.1).4. Discussion
In this study we investigated, in a systematic way, the
processing of second-order stimuli by the amblyopic
visual system. We began by assessing the detection of
second-order stimuli with equated carriers. Using these
ﬁrst-order equated stimuli, we show that there are small
but signiﬁcant second-order detection deﬁcits in both
amblyopic and fellow ﬁxing eyes that are not a conse-
quence of the known ﬁrst-order loss. Then, using sec-
ond-order stimuli of equated modulation depth, we
show that the orientation discrimination of a single sec-
ond-order micro-pattern, while being worse than its
ﬁrst-order counterpart by factor of 10 (for comparison
see Mansouri et al., 2004), is comparable in normal
and amblyopic eyes. Finally, having equated for both
second-order detection and orientation discrimination
at the local micro-pattern level, we address the ﬁnal issue
of whether the global integration of second-order orien-
tation information is normal in amblyopia. The answer
is yes, though with one reservation. Using an equivalent
noise model we show that both the internal noise and
number of samples are comparable between amblyopic
eyes, fellow ﬁxing eyes and non-dominant eyes of nor-
mal observers, though a signiﬁcant diﬀerence does exist
between the sampling eﬃciency of the dominant eye of
normals compared with either that of the amblyopic
or fellow ﬁxing eyes of amblyopes.
The ﬁnding that there are detection deﬁcits at the
level of second-order processing for both eyes of amblyo-
pes agrees with a previous report that second-order def-
icits that occur in amblyopia can not be explained by the
known ﬁrst-order loss (Wong et al., 2001). Three things
should be borne in mind: ﬁrst, the detection deﬁcits
shown here for second-order stimuli were small. Second,
our use of a broadband carrier leaves us open to the crit-
icism that at some scale (i.e. the highest) relevant to sec-
ond-order detection our method of equating
detectability may not have been perfect. However, the
fractal noise attenuates high more than low spatial fre-
quencies and this might actually have improved the
equivalency of stimuli between amblyopic and normal
observers. The performance of normal observers in
our study is much worse than previously found (Allen
et al., 2003) with a non-fractal broadband carrier sug-
gesting that it may be the high spatial frequency compo-
nents of the carrier that are most useful for normal
observers. Since amblyopic observers are poor at tasks
involving high spatial frequencies (Hess & Howell,
1977; Levi & Harwerth, 1977; Mansouri et al., 2004) itis likely that fractal noise carrier in amblyopes should
not be as detrimental on their performance as it is for
normals.Third, the fellow ﬁxing eye exhibits similar sec-
ond-order detection deﬁcits although it is not thought to
show obvious ﬁrst-order detection anomalies (Mansouri
et al., 2004). All things considered, it would appear that
there are detection deﬁcits in amblyopia at the second-
order processing stage. The ﬁnding that the fellow ﬁxing
eyes of amblyopes are just as anomalous for the detec-
tion of second-order stimuli can best be explained by
this detection occurring at a binocular site in cortex
(see also Wong et al., 2001).
This study for second-order stimuli and its predeces-
sor for ﬁrst-order stimuli (Mansouri et al., 2004) demon-
strate that the integration of local orientation, be it
luminance- or contrast-deﬁned is at best only minimally
disrupted in amblyopia. This result appears at ﬁrst sight
to be in conﬂict with other recent studies using global
motion (Simmers et al., 2003) and orientation (Simmers
et al., 2005) where substantial global integration deﬁcits
have been shown that are selective for second-order
stimuli. However, on a closer look, the task used here
and that used previously by Simmers and colleagues
has one fundamental diﬀerence. In the present task, it
is in the amblyopes interest to integrate all available lo-
cal orientation because all micro-patterns contain
equally relevant information about the shape of the dis-
tribution to be estimated. In the task used by Simmers
and colleagues, the task involves signal and noise where
the optimal strategy is to integrate as much of the signal
and as little of the noise as possible. Thus the task used
by Simmers and co-workers could be said to involve seg-
regation as well as integration. The importance of the
current study and that of its predecessor (Mansouri
et al., 2004) is to show that amblyopes can integrate spa-
tial information (in this case, orientation) normally. The
problem that has been highlighted in percent coherence
tasks involving global motion and orientation (Simmers
et al., 2003, 2005) must involve the segregation aspect of
the task.
Little is known about how or where the visual system
accomplishes the important but competing processes of
integration and segregation (Braddick, 1993; Simmers
et al., 2005) except that it does not occur early in the
pathway, being after binocular combination but before
relative disparity encoding (Mansouri, Hess, Allen, &
Dakin, 2005). In the case of the coherence task used
by Simmers and co-workers where signal and noise are
not spatially segmented, it presumably involves an
opponent process of some type. The present conclusion
that amblyopes experience particular diﬃculty in doing
global tasks in which there is signal to integrate and
noise to segregate is reminiscent of an earlier ﬁnding
on a patient who lacked motion perception (Zihl et al.,
1983). This observer also had problems with percent
coherence motion tasks and could only perceive left/
B. Mansouri et al. / Vision Research 45 (2005) 2449–2460 2459right motion when the percent coherence was close to
100% (i.e. all signals, no noise). The addition of 10% sta-
tionary elements was suﬃcient to reduce performance to
chance levels. Her problem was a large bilateral lesion in
the dorsal part of the extra-striate cortex corresponding
to where the human analogue of monkey MT and MST
are located. In the light of the profound functional
anomalies that have been demonstrated in the extra-stri-
ate regions of human amblyopes (Barnes et al., 2001) the
binocular nature of the second-order detection loss and
its selectivity for signal/noise tasks, it is tempting to
speculate that the site of this segregation problem in
amblyopia is in the extra-striate cortex. Since the segre-
gation problem is more acute for second-order stimuli
(Simmers & Bex, 2004; Simmers et al., 2003) on the basis
of the functional MRI results of Dumoulin et al. (2003)
in normals, the chief candidates are the anterior superior
parietal lobe and the lateral occipital cortex.Acknowledgement
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